Immunodiffusion and an enzyme-linked immunosorbent assay (ELISA) were used to reveal serological relationships between coryneform bacteria responsible for annual ryegrass toxicity (ARGT) and other plant-pathogenic corynebacteria, particularly those associated with similar diseases of grasses, Clavibucter iranicum, Clavibacter rathayi, and Chvibacter tritici. Antisera were raised in rabbits against one strain each of C. iranicum, C. rathayi, C . tritici, and the ARGT bacterium. The antisera were tested against 26 strains belonging to that group of species and one strain each of eight other species of plant-pathogenic corynebacteria. Immunodiffusion with antiserum against the ARGT bacterium did not show cross-reactions with any of the other species tested, whereas, antisera against C. iranicum, C. rathayi, and C . tritici all showed some heterologous cross-reactions. The ELISA revealed cross-reactions undetected by immunodiffusion and allowed the organisms to be grouped by hierarchical cluster analysis. The results indicate that coryneform bacteria pathogenic to Lolium rigidum and responsible for its toxicity to livestock are serologically distinct from the other plant-pathogenic corynebacteria causing similar diseases of grasses. Amino acid analysis of the ARGT bacterium cell wall revealed the presence of 2,4-diaminobutyric acid, indicating that this bacterium should be classified in the genus Chvibucter.
Annual ryegrass toxicity (ARGT) is an often fatal poisoning of livestock grazing on pasture containing Lolium rigidum Gaudin infected with a toxin-producing coryneform bacterium (3, 17, 26) . The bacterium is carried into the grass by a plant-parasitic nematode, Anguina funesta Price, Fisher, and Kerr 1979, which invades the ovaries of the grass to produce seed galls (4) (5) (6) 26) . The bacterium colonizes the nematode-induced seed galls and occasionally produces a gummosis of the inflorescence (27) . In L. rigidum pastures heavily infested with Anguina funesta, gummosis of Phalaris minor Retz., Phalaris paradox L., Avena fatua L., Avena sativa L., and Danthonia caespitosa Gaudich. has been observed (11; D. L. Chatel, personal communication); presumably, the nematode was not able to complete its life cycle on those grasses but was able to introduce the bacteria. ARGT was first recorded in South Australia in 1956 and has since appeared in Western Australia and South Africa (18, 32, 33) .
The bacterium had been identified as a Corynebacterium sp. (27) and was thought to be indistinguishable from Clavibacter rathayi (Smith 1913) Davis, Gillaspie, Vidaver, and Harris 1984 on the basis of cultural and physiological tests (3); in addition, this specific epithet has been frequently used (2, 4, 7, 12, 17, 31, 32) . However, a detailed taxonomic study has not been made, and it has been recommended that no specific name be used for the ARGT bacterium until further information is available (25) .
The CorynebacteriumlAnguina disease of L . rigidum is one of a group of similar diseases of grasses. Clavibacter tritici (Carlson and Anguina sp. vector is thought to be involved (28) , no definitive evidence is available. However, A. tritici has been demonstrated to carry C. rathayi into Triticum spp. and thereby initiate a disease similar to that caused by C . tritici (28) . Agropyron smithii Rydb. has been reported as having a bacterial gummosis, but the bacterium "Corynebacterium agropyri" has only recently been reisolated (T. D. Murray, Phytopathology 72:992 [abstr. no. 4991, 1982); its taxonomic status has not been confirmed. Bacteria and an Anguina sp. are also associated with a seed infection of Festuca rubra subsp. commutata Gaudin (19) .
Among these diseases only the bacteria associated with L . rigidum have been confirmed to produce a toxin that affects livestock. Screenings from F . rubra subsp. commutata seeds have been toxic to animals, and although both nematodes and bacteria were detected, the possibility that the bacteria produced the toxin was not considered (19) .
Serological investigations were undertaken to help clarify the relationships within this group of plant-pathogenic corynebacteria and to investigate whether the bacteria pathogenic to L . rigidum should be considered distinct from C. rathayi or a form of it. Cell wall amino acid analyses of the ARGT bacterium and of some Clavibacter spp. were performed to determine whether the ARGT bacterium belongs to the new genus Clavibacter (15) .
MATERIALS AND METHODS
Bacterial strains. The plant-pathogenic corynbacterial strains used in this study are listed in the transfer of other plant-pathogenic corynebacteria to the genera Arthrobacter, Curtobacterium, and Rhodococcus .
Antisera. Cultures of strains CS13, CS14, CS21, and CS26 were grown on a medium containing the following (in grams per liter): sucrose, 10; Casamino Acids (Difco Laboratories), 2; yeast extract (Difco), 2; K2HP04, 2; MgS04 . 7H20, 0.3; agar (Difco), 20. Cultures (6 days old) were suspended in sterile water and diluted (1: 10) before sonicating (Branson Sonifier, 10 s , 40 W) to disperse cell clumps. The suspension (about lo8 cells per ml) was washed once by centrifugation and resuspended in saline (9.8 gliter).
One rabbit was used for preparation of antiserum for each strain. The primary inoculation was a 1:l mixture of the bacterial suspension and Freund complete adjuvant (Calbiochem) injected intramuscularly, 0.5 ml per thigh muscle. Three intravenous boosts of unamended bacterial suspen- (21) by two-dimensional thin-layer chromatography (29) . In particular, the presence or absence of the four amino acids 2,4-diaminobutyric acid, diaminopimelic FIG. 1. Immunodiffusion analysis of Corynebacterium sp. assoacid, ornithine, and glYcine, which are significant in the ciated with annual ryegrass toxicity with antisera to Corynebacterium sp. strain CS14. The outside rows contain the test antigen indicated by an abbreviation of the strain number (e.g., 1 is CSl).
Central wells contain alternately homologous antigen and antiserum (clear wells).
classification of the plant-pathogenic corynebactefia at the generic level, was determined for the ARGT bacterium CS14, C. iranicum CS13=, C . michiganense subsp. michision (1 ml) were made at fortnightly intervals. Blood was collected 5 and 7 weeks from the primary immunization and was permitted to clot at 28°C for several hours. The serum was decanted, cleared by centrifugation, dispensed into 1-ml aliquots, and stored at -20°C.
Preparation of test antigen. Cultures (6 days old) of test strains were suspended 20% (wt/wt) (about lo1' cells per ml)
in 0.02 M phosphate-buffered saline (PBS) (24), pH 7.3, containing 0.02% sodium azide; the suspensions were then sonicated (15 s/g, 40 W) and stored at 4°C. ImmunodilTusion assays. All strains were tested against each antiserum by a double-diffusion assay with the homologous strain as an internal reference. Tests were made in 90-mm petri dishes with 12 ml of gel (0.75% Bacto-Agar [Difco], 0.025% NaN3, unbuffered double-glass-distilled water), with 10 pl of either bacterial antigen or serum being added to 10-mm-diameter wells, 10 mm apart. Plates were incubated in a humid chamber at 28°C for 24 h before being photographed.
ELISA. The antibody titer of each serum against each strain was determined by indirect enzyme-linked immunosorbent assay (ELISA). The titer was defined as the dilution of serum giving an absorbance at 405 nm of 0.5 and calculated by interpolation, using linear regression of the linear section of the dilution curve. A series of preliminary assays were conducted to establish the optimal ELISA conditions. All combinations of antigens and antisera were then assayed concurrently. The titers of one antiserum against eight different test strains (seven randomly selected strains and the homologous strain) were determined per microtiter plate. The homologous titer served as an internal reference to detect variation between plates.
Microtiter plate wells were coated with antigen suspension, diluted 1:lOO in carbonate buffer (0.5 M sodium carbonate, pH 9.6), 100 ~1 per well, and incubated at 4°C overnight. Nonabsorbed material was removed from the well by three washes with PBS containing 0.05% Tween 20 (PBST).
Sera diluted in PBST, initially 1:200 then through a 10-step, twofold series, were added (100 pl per well), and the plate was incubated at 37°C for 1.5 h. The unbound material was removed by three washes with PBST.
Anti-rabbit immunoglobulin G labeled with alkaline phosPhatase (Sigma Chemical COW), diluted 1 : 1 0 0 in PBST7 was added (100 pl per well), and the plate was incubated at 37°C for 1.5 h. Unbound enzyme-antibody was removed by three ganense (Smith 1910) Davis, Gillaspie, Vidaver, and Harris 11984 CS25T, C. rathayi CS26T, and C. tritici CS21T.
RESULTS
Immunodiffusion. Antiserum to the ARGT bacterium 4314 gave precipitin bands only with other strains of co-I-yneform bacteria associated with ARGT. There was some ininor variation in the precipitin patterns between the ARGT strains (Fig. 1) ; a secondary band was evident in some but not in all strains. No other serum reacted with the ARGT bacterium (not shown), indicating that it is serologically distinct from the C . iranicumlC. rathayil C. tritici group at a level that the immunodiffusion technique can reveal.
Antisera to C. iranicum CS13T, C. rathayi CS26T, and C.
fritici CS21T all cross-reacted, producing precipitin bands in homologous and most heterologous combinations ( Fig. 2 and  3) with strains in the C. iranicumlC. rathayilC. tritici group.
No reaction with the ARGT bacterium was detected. Members of this group appear to be closely related serologically. However, differences can be detected by the pattern of bands present. C . iranicum antigen did not produce bands with antiserum to either C . rathayi or C. tritici ( Fig. 2B and  C) . However, serum against C. iranicum gave bands with two strains of C. tritici (CS12 and CS21T) ( Fig. 2A) . C.
rathayi and C. tritici strains are mostly distinguishable by their immunodiffusion patterns despite being quite crossreactive ( Fig. 2B and C; 3B and C) . The C. rathayi strains gave the most consistent reactions, while the C . tritici strains were more variable. None of the other corynebacteria tested produced detectable bands with immunodiffusion and, on this basis, would appear to be serologically distinct. ELISA. The antibody titers of the four antisera with the 34 corynebacterial strains are presented in Table 2 . The results obtained were consistent with preliminary runs, and the internal checks revealed no significant variation between plates. The titers of the antisera to the ARGT bacterium CS14, C. rathayi CS26T, and C. tritici CS21T were similar when determined against their homologous strain, but the antiserum to C. iranicum CS13T was of a slightly lower titer. This may have been due to variation between rabbits or lower antigenicity of that strain. However, the heterologous reactions of the C. iranicum serum were consistent with those of the C. tritici and C. rathayi antisera.
The data were analyzed by single linkage cluster analysis to produce a dendrogram indicating similarity among the strains tested (Fig. 4) . The strains were divided into the following three groups at the 72.5% level: (i) all the strains from pastures associated with ARGT, (ii) C. iranicum and all C. rathayi and C. tritici strains, and (iii) the remainder of strains not associated with yellow slime diseases of grasses. The separation at this level indicates that the bacterium involved in ARGT is serologically unrelated to the other named plant-pathogenic corynebacteria.
The ARGT bacteria are a closely related group with most strains having at least a 97.5% similarity. A number of strains are of a marginally lower similarity (95%), which was due to their lower affinity for antibodies in heterologous sera ( Table 2 ).
The C. iranicumlC. rathayilC. tritici group is not a tightly clustered group, nor is there any apparent clustering according to species. C. tritici C S l l was more closely linked to C. iranicum CS13T than other C. tritici strains. There was no apparent clustering of the other C . tritici strains or the C. rathayi strains in this group. Although this group appears to be variable serologically, it is not an artifact of the assay methods. Included in this study were strains obtained from different culture collections but considered to be derived from the same isolation source: C. rathayi CS5 and CS15, and C. tritici CS4 and CS17 (see Table 1 for their sources and other designations). The clusterings of these replicates are at 95 and 97.5%, respectively. This gives a measure of reliability of the assay methods and supports the indication that the C. iranicumlC. rathayilC. tritici group is by nature serologically variable.
The third group is based on primarily low-level or no cross-reactions with the antisera. However, the clustering within this group clearly divides the strains into recognized a Indirect ELISA: the antibody titer is given as the logarithm of the reciprocal of the highest dilution of the antiserum giving an absorbance of 0.5 at 405 nm. The value was calculated by linear regression over the linear section of the dilution curve.
linked on the basis of the lack of afbity to the sera are not necessarily related. However the low-level cross-reactions were sufficient to produce some meaningful clustering.
Amino acid analysis. The five strains tested, CS13T, CS14, CS21T, CS24T, and CS26T, all contained 2,4-diaminobutyric acid and glycine in their cell walls. No diaminopimelic acid or ornithine was detected in the strains tested.
DISCUSSION
The primary objective of this investigation was to determine the relationship between the coryneform bacteria associated with ARGT and the C . iranicumlc. rathayiiC. tritici group. The serology of the ARGT bacterium indicates that it is not as closely related to that group as those species are to each other. The use of C . rathayi as a name for the ARGT organism is probably erroneous and based on inadequate information. This work supports the recommendation (25) that the bacterium pathogenic to L. rigidum and responsible for ARGT in Australia simply be designated as "Corynebacteriurn sp.," as no comparative studies had been reported. However, as 2,4-diaminobutyric acid was detected in its cell wall in this study, it is recommended that it be considered as a Clavibacter sp. until further information is available.
The use of immunological analyses to study relationships within the plant-pathogenic corynebacteria (22, 23, 30) revealed relationships that have largely been confirmed by other methods (10, 15) . The interpretation of the serological data was clarified by the use of cluster analysis (23) . The ELISA data obtained from this investigation provided a suitable matrix for cluster analysis especially since it quantified low-level cross-reactions that were not detected by immunodiffusion. However, some differences seen in the pattern of immunodiffusion bands were undetected by ELISA. The grouping based on ELISA data was consistent INT. J. SYST. BACTERIOL. with the current taxonomic classification of these organisms (10, 15).
The serological similarity of C. rathayi and C . tritici c'onfirms other work on these organisms (23), wherein antisera to both nucleoprotein and polysaccharide antigens of C. rtzthayi and C. tritici cross-reacted. No support for the suggested (11) separation of C. rathayi ATCC 13659 (CS5, CSl5) from other C. rathayi strains was provided by this study, although the C. rathayi group does appear to be heterogeneous. The C. iranicumlC. rathayilC. tritici group is also considered to be closely related based on characteristics other than serology (14, 15, 17, 28 ).
In conclusion, the taxonomic position of the ARGT bacterium requires further investigation and should not be named C . rathayi unless further evidence so indicates. 1, Alvey, N. G., S. F 
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